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ABSTRACT
The pulmonate slug Onchidium tigrinum (Stoliczka, 1869) is an estuarine protandrous gastropod.
Transmission electron microscopy of both the gonadal and somatic cell populations of the
ovotestis of the slug is documented. The acini of smaller slugs are comprised of developing
spermatogenic cells and three to four small ill-developed oocytes. Details of the microscopic
structures of Sertoli cells, interacinar cells and acinar boundary are described in-depth,
revealing their secretory function. Sertoli cells are more numerous in the ovotestes of smaller
slugs than in those of larger slugs. Tunnelling nanotubes of 200–400 nm in diameter are
described for the first time in the Sertoli cells of molluscan ovotestis. These nanotubes may
help to supply various cellular materials into distantly developing spermatogenic cells. The
acini of larger slugs possess 2–3 mature oocytes along with a few spermatogenic cells. Sertoli
cells, interacinar cells and spermatogonial cells are fewer in number in the acini of the
ovotestis of larger individuals establishing the predominance of oogenesis in this phase of
life. The number of oocytes per acinus is analysed in relation to the habitat of the pulmonates.
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Introduction

Pulmonate molluscs are hermaphrodites and the
gonad is termed the ovotestis. The body size of individ-
uals in these hermaphrodites is directly correlated to
body weight and the stage of gametogenesis in the
ovotestis. Pulmonates usually function as male in the
early part of their sexually-active phase of life and
attain simultaneous hermaphroditism in the later
period of sexual life (Quattrini and Lanza 1964;
Luchtel 1972a, 1972b; Tomiyama 1995; Norton et al.
2008; Koene et al. 2007; Janssen and Baur 2015). This
change from male to simultaneous hermaphroditic
phases is correlated with gametogenesis in the ovotes-
tis and with alterations in other components of the
reproductive system. The albumen gland has been uti-
lised as an investigative marker of male–female role
transition in hermaphroditic pulmonates—individuals
with a small albumen gland are considered as male
and those with a large albumen gland act as female
(Cunha et al. 1998; Rakshit et al. 2014).

According to resource allocation theory (Charnov
1996), the simultaneous hermaphrodite prefers the
role of sperm donor during mating because of the
lower cost of sperm production relative to that of
female gametes. This is consistent with the observation
that during mating in hermaphrodite molluscs, individ-
uals of larger body size/weight often assume the role of
sperm recipient, while individuals of comparatively
smaller body size assume the role of sperm donor

(Bateman 1948; Yusa 1996; Angeloni and Bradbury
1999). It has been postulated that in simultaneous her-
maphrodites size-assortative mating systems evolved
to eliminate mating conflict (Angeloni et al. 2002;
Angeloni 2003). It has been reported that female
fecundity is significantly correlated with individuals’
body size (Michiels et al. 2003; Gianguzza et al. 2005)
and the reproductive success of the functional female
is generally highly correlated with oocyte production
(Bateman 1948). Earlier studies on the ovotestis of
aquatic pulmonates such as Biomphalaria glabrata
(Say, 1818) (De Jong-Brink et al. 1976, 1977), Lymnaea
stagnalis (Linnaeus, 1758) (De Jong-Brink et al. 1981)
and Helisoma trivolvis (Say, 1817) (Norton et al. 2008)
had suggested that the acinus normally possesses
more than one oocyte, consistent with sequential or
protandrous hermaphroditism. In contrast, in terrestrial
stylommatophoran pulmonates only one oocyte is pro-
duced in each acinus of the ovotestis, as reported for
Achatina fulica (Férussac, 1821) by Rakshit et al.
(2005) and Macrochlamys indica Benson, 1832 (Roy
et al. 2016), consistent with a lesser degree of protan-
drous sexual development in these animals.

Cell-to-cell and tissue-to-cell communications are
fundamental processes for the development and main-
tenance of multicellular organisms (Guo and Zheng
2004; Rustom et al. 2004; Gerdes et al. 2007; Rustom
2016). These types of communications occur at cell
junctions (Bergmann et al. 1984; Hou and Maxwell
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1990), including tunnelling nanotubes (TNTs) which
transport various molecules and cellular organelles
between spatially-distant cells (Gerdes and Rustom
2006; Davis and Sowinski 2008; Rustom 2016).

The present work investigates gametogenesis in the
ovotestis of the estuarine hermaphrodite slug Onchi-
dium tigrinum (Stoliczka, 1869). The study aims to
establish whether there is a relationship between sper-
matogenesis and oogenesis and an individual’s body
weight. We define the comparative characteristics of
gametogenesis in the ovotestes of O. tigrinum relative
to other pulmonate molluscs.

The hypothesis of this work is that the relative contri-
butions of spermatogenesis and oogenesis within indi-
viduals are directly correlatedwith the body size/weight
class of the slug, and that the number of oocytes per
acinus are an indicator of the form of hermaphroditism.

Materials and methods

Onchidium tigrinum (Dayrat et al. 2011) were collected
from the estuarine bank of the Hooghly River at
Noorpur (22°06′N, 88°04′E), South 24-Parganas, West
Bengal (Figure 1). The slugs usually hide during high
tide in crevices and under debris on the estuarine
mud. They emerge during low tide and browse on
algae and other microorganisms. From the ecological
point of view, O. tigrinum would not be considered to

Figure 1. Sampling area and micro-habitat of Onchidium tigri-
num. Inset: an individual slug.

Figure 2. Histogram showing relationship between body weight and albumen gland of Onchidium tigrinum including vitelline
somatic index (VSI). N = 3.

Table 1. Comparative characteristics of ovotestes in smaller
and larger Onchidium tigrinum.

Characteristics of ovotestis
Smaller
slug

Larger
slug

1. Spermatogonium +++ –
2. Spermatocyte +++ +
3. Spermatid +++ ++
4. Spermatozoa +++ ++
5. Periacinar cell + +
6. Interacinar cell +++ +
7. Mature oocyte – +++
8. Follicular cell + +
9. Sertoli cell +++ +
10. Sertoli–germ cell membranous connection +++ –
11. Acinar boundary–germ cell membranous
connection

+++ –

– absent; + present; ++ moderate in number; +++ high in number.
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be a truly aquatic pulmonate but one at the evol-
utionary transition from a marine to a terrestrial, air-
breathing life strategy. The animals were collected
during the rainy season (June–July) when the
average salinity of tidal water is c. 23.6 ppt (Sarkar
et al. 2013) due to the great influx of riverine fresh-
water into the estuary. A group of 25 smaller slugs

(0.26 ± 0.05 g body weight) with a small albumen
gland and 25 larger slugs (2.38 ± 0.2 g body weight)
with a large albumen gland were selected for the
study. They were acclimatised for 2 days in separate
cages provided with moist soil from the river area
and with leafy vegetables. River water was sprayed
regularly to maintain high humidity. The weight of

Figure 3. A–C, Light microscope photographs of the ovotestis of smaller Onchidium tigrinum (0.26 ± 0.05 g); A, numerous acini and
aggregation of interacinar cells (arrow); B, section of acinus showing primordial oocyte (white arrow) and acinar boundary (black
arrow); C, photograph showing spermatogonial cell (bold arrow), periacinar cells, and acinar boundary. D–F, Micrographs of semi-
thin sections (1 µ); D–E, sperm bundles attached to Sertoli cells. Note the tunnelling nanotubes (TNTs) at the acinar boundary (white
arrow); F, junction of acinar boundary and the TNTs (arrow). ab—acinar boundary; ac—acinus; pc—periacinar cell; S—Sertoli cell;
sc—spermatocyte; sd—spermatid; sp—sperm.
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the albumen glands was compared with overall body
weight and a vitelline somatic index (VSI) was calcu-
lated for each slug according to the formula:

VSI (%) = weight of albumen gland of an individual
body weight of the individual

× 100

The ovotestes were dissected from living slugs and
immediately fixed in pre-heated (40 °C) aqueous
Bouin’s solution, dehydrated with ethanol and
embedded in paraffin. Subsequently, 5 µm thick sec-
tions were stained with haematoxylin and eosin. Sec-
tions were observed under a light microscope.

Ovotestes were processed for ultrastructure studies
using transmission electronmicroscopy (TEM) following
themethod described by Roy et al. (2016). Ten semi-thin
sections of the ovotestis from five individuals of each
group were studied after staining with toluidine blue
(Dykstra 1993). Four copper grids, each containing five
to six ultra-thin sections, were examined using a
Technai Electron Microscope operated at 120 kV.

Results

The different features observed in the ovotestes of
younger and older O. tigrinum are documented in
Table 1. There was a relationship between body
weight (bw) and the albumen gland of the slug. The
VSI was much lower in smaller slugs (0.13–0.36 g bw)
and there was a sharp increase in VSI in slugs of body
weight ranging 0.36–0.86 g. A gradual decrease in VSI
is found in much larger slugs of 1.09 g or more body
weight (Figure 2).

The ovotestis of O. tigrinum was found to consist of
numerous ovoid-shaped acini (Figure 3A) each contain-
ing both developing sperms and oocytes. The mor-
phology and ultra-structural features of the ovotestis of
smaller and larger slugs were broadly similar, but with
some characteristic differences. Hence, the structural
details of ovotestes of small and large O. tigrinum are
documented separately below.

Smaller slugs (0.26 ± 0.005 g bw)

The cellular components of the acini were found to
comprise developing stages of spermatogenic cells

Figure 4. Transmission electron micrographs of the ovotestis of smaller Onchidium tigrinum (0.26 ± 0.05 g). A, Spermatogonia with
nucleus, mitochondria and rER (black arrow); B, spermatocyte showing mitochondria (black arrow) and the arrangement of nuclear
substances; C, spermatocyte displaying karyokinesis; D, magnified view of part of a spermatocyte showing rER (white arrow) and
variety of mitochondria. mt—mitochondria; n—nucleus; rER— rough endoplasmic reticulum.
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and three to four oocytes in the early stage of develop-
ment (Figure 3B).

Spermatogenesis
Each acinus was commonly filled with four developing
stages of the male gametes (spermatogonia, spermato-
cytes, spermatids and spermatozoa) and Sertoli cells
(Figure 3C–F). The spermatogonia were mostly circular
in shape with a large, compact, dense nucleus and
located towards the periphery of the acini (Figure 3C,

E). In many semi-thin sections these cells were observed
either arranged in a chain or aggregated around Sertoli
cells (Figure 3E). The spermatogonial cell cytoplasm
consisted of endoplasmic reticulum (ER), mitochondria
and Golgi vesicles (Figure 4A). The spermatocytes
were large, with an irregular cell boundary and a
nucleus containing prominent euchromatin as well as
heterochromatin components (Figure 4B). Spermato-
cytes were distributed in the acinar lumen as aggrega-
tions of cells (Figure 3B–D). In some sections, the

Figure 5. Transmission electron microscopy of an ovotestis acinus of smaller Onchidium tigrinum (0.26 ± 0.05 g). A, Developing
spermatids and cytoplasmic components. Note the microtubular arrangement (black arrow) in the spermatid tail; B, longitudinal
section of spermatid showing the cell junction (arrow) and the aggregation of sER in its cytoplasm; C–D, condensation of nuclear
material (black arrow) of developing spermatid along the nuclear inner envelope, except nucleopores (white arrow); E, developing
spermatid displaying cone shaped nucleus and budding tail (arrow). Gs—stack of Golgi apparatus; L—lysosome; mt—mitochon-
dria; n—nucleus; ns—nucleolus; px—peroxisome; rER—rough endoplasmic reticulum; S—Sertoli cell; sER—smooth endoplasmic
reticulum; TNT—tunnelling nanotube.
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spermatocytes exhibited karyokinesis (Figure 4C). Cyto-
plasmic contents comprised rough endoplasmic reticu-
lum (rER), mitochondria and the Golgi apparatus
(Figure 4B, D). The spermatids were observed to be dis-
tributed throughout the acini (Figure 3B, D–E). In most
sections spermatids were found aggregated in
bundles of cells and exhibiting different stages of devel-
opment, including one formwith amanchettee (Figures
3D–E, 5A). The cytoplasmof developing spermatids con-
tained the Golgi apparatus, lysosomes, rER, smooth
endoplasmic reticulum (sER) and peroxisomes (Figure
5A–C). The tail part of these cells exhibited a typical 9
+ 2 microtubular arrangement within a membranous

sheath. The nuclear materials of developing spermatids
were packed throughout the inner membrane of the
nuclei but with gaps, here termed nuclear pores
(Figure 5C). As a result, this nuclear condensation exhib-
ited a specific pattern with gaps of various sizes (Figure
5D). Finally the spermatids attain a cone-shapednucleus
in the head region (Figure 5E) that characteristically
becomes more elongated to the form seen in
spermatozoa. The formation of the tail bud in sperma-
tids developed at the nuclear fossa posterior to the
nucleus (Figure 5E). The developing spermatogenic
cells were found scattered throughout the acinar
space and communicating with the cells of the acinar

Figure 6. Ovotestis of smaller Onchidium tigrinum (0.26 ± 0.05 g). A, TNT between the developing spermatids and the cells of the
acinar boundary; B, magnified view of a part (box) of Figure 6A showing the bulging of growing end of the TNT (arrow) and
secretory droplets (arrow head). Scale bar = 500 nm; C, TNTs (arrow heads) between Sertoli cells and developing spermatids. ab
—acinar boundary; ec—elongated nucleated cell; ia—interacinar space; n—nucleus; S—Sertoli cell; sd—spermatid; V—secretory
vesicle.
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boundary and the Sertoli cells via thin membranous
channels similar to TNTs (Figure 6A–C). Small dense
granules and secretory droplets were observed within
cytoplasmic channels (Figure 6B). The free ends of
these channels were slightly swollen and contained
dense secretorymaterials (Figure 6A–B). These channels
were comparatively longer and more commonly found
in the acini of smaller slugs than in those of larger. The
spermatozoa within the ovotestis acini were aggre-
gated, with their pointed nuclear heads inserted into

the Sertoli cell (Figure 3D–E) and the tails free within
the acinar lumen (Figure 3D).

Sertoli cells
The Sertoli cells are large elongated columnar cells
located on the inner boundary of the acinar wall
(Figure 7A–B). The cell cytoplasm consisted of rER,
dense secretory droplets, membrane-bound vesicles
andGolgi apparatuses andassociated secretorygranules
(Figure 7B–F). The free ends of these cells were oriented

Figure 7. Ovotestis of smaller Onchidium tigrinum (0.26 ± 0.05 g). A, Connections between acinar boundary and Sertoli cells (black
arrow). Note the secretory proteins (arrow head) in the acinar boundary; B, Sertoli–Sertoli junctions (white arrows) and secretory
proteins (*); C, cytoplasm of Sertoli cell showing secretory granules (arrow), rER, spermatid tail (white arrow) and secretory vesicle;
D, rER in the cytoplasm of Sertoli cell; E, dividing stage of a Sertoli cell; F, developing spermatids in the cytoplasm of Sertoli cell;
bold arrow indicates secretory vesicles of different sizes. ab—acinar boundary; Gc—Golgi centre; l—lipid droplet; n—nucleus; px—
peroxisome; rER—rough endoplasmic reticulum; sd—spermatid; S—Sertoli cell; TNT—tunnelling nanotube; v—vesicle.
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towards the acinar lumen and possessed cytoplasmic
tunnels of 200–400 nm diameters (Figures 3E–F, 7F).
The nanotubules carried some cytoplasmic granules
and connected the developing spermatogenic cells to
the Sertoli cells (Figure 3F). The Sertoli–Sertoli cell junc-
tion bore very short membranous digitations
(Figure 7B). In most TEM sections it was found that the
different developing stages of spermatogenic cells
adhered tightly to the cytoplasm of Sertoli cells
(Figures 7F, 8A). The nuclei of the cells were large, but
their shape varied depending on the functional state of
the cells (Figure 7A). The cells interpreted as being in
the more active state possessed small round nuclei
(Figure 7A) containing few euchromatin bodies. Some
TEM sections showed the dividing Sertoli cells with pro-
minent cytoplasmic connections (Figure 7E).

Interacinar components and the acinar boundary
The interacinar space contained connective tissues, short
interacinar cells and slightly elongated periacinar cells
(Figure 3A, C). The interacinar cells were oval in shape
and distributed in the regions between acini, either
singly or in aggregations (Figures 3A, 8B). The nucleus
of these cells was large, but irregular in shape. The

cytoplasm of the cell was observed to be composed of
rER, sER, lipid droplets, secretory vesicles, mitochondria
and Golgi apparatus (Figure 8B–C). The periacinar cells
were flattened and occupied largely by the nucleus
(Figures 8D, 9A). The cells formed a thin layer with
smooth muscles around each acinus. Muscle cells were
observed distributed along the outer boundary of each
acinus; they probably promote the movement of devel-
oping spermatozoa through the acinar lumen. The junc-
tion between the periacinar cell and the acinar boundary
was filled with connective tissues and muscle fibres.

The acinar boundary was found to be a membranous
structure that surrounds each acinus (Figures 3C–D, 8D,
9B). This boundary was composed of elongated dense
nucleated cells, containing mitochondria and small
secretory granules as well as secretory droplets, lipid dro-
plets and some fibrous structures (Figure 9B–C). Cyto-
plasmic channels were also present, extending from the
acinar boundary to the acinar lumen (Figures 6A, 9C).

Oogenesis
Each acinus was found to contain primordial oocytes
(0.56 ± 0.34 × 0.26 ± 0.06 µm), usually three to four in
number and confined to the periacinar zone

Figure 8. Ovotestis of smaller Onchidium tigrinum (0.26 ± 0.05 g). A, Sertoli cells displaying spermatids tail (arrow head) and cyto-
plasmic components; B, aggregation of interacinar cells displaying secretory vesicles and sER; C, magnified view of an interacinar
cell cytoplasm and its components; D, periacinar cells (black arrow) around the acinar boundary. Note the thin round nucleus in
functional Sertoli cells and Sertoli–Sertoli cell junction (white arrow). Gs—Golgi stack; l—lipid droplets; mt—mitochondria; n—
round nucleus; rER—rough endoplasmic reticulum; sER—smooth endoplasmic reticulum; v—vesicle.
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(Figure 3B). One face of each oocyte was intimately
associated with the acinar boundary, while the other
face was directed toward the acinar lumen. Each oocyte
was covered by a very thin layer of follicle cells. The cyto-
plasmwas filled by electron opaquematerials, with some
lipiddropletswhich appeared in electronmicroscopyas a
clear region within the intensely stained cytoplasm
(Figure 3B). The nuclei of the cells were not prominent.

Larger slugs (2.38 ± 0.2 g bw)

The contents of acini were usually found to
comprise two to three developed oocytes and
developing spermatogenic cells (Figure 9D).

Spermatogenesis
Like smaller slugs, the acini of larger slugs contained
spermatogenic cells of differing stages of develop-
ment, but spermatogonial cells were absent
(Figure 10A–B). In serial semi-thin sections, it was
observed that the spermatogenic cells were mainly
located in the central acinar region (Figures 9D, 10A).

Sertoli cells
Sertoli cells were present in the acini of larger slugs, but
they were degenerate in form. The cells contained very
few TNTs (Figure 10C), but the cytoplasm was rich in
mitochondria, ER and secretory vesicles. The develop-
ing spermatogenic cells were not firmly attached to
the Sertoli cell (Figure 10C).

Interacinar components and the acinar boundary
Regionsbetween acini in theovotestis of larger slugswere
occupied by interacinar and periacinar cells (Figure 9D),
but the number of these cells was less in the ovotestis of
smaller slugs. The membranous channels of the acinar
boundary were very short and mostly free of connection
with the spermatogenic cells (Figures 9D, 10A–B).

Oogenesis
Each acinus possessed more than one—typically two or
three—large, developed oocytes (0.82 ± 0.14 × 0.48 ±
0.12 µm) (Figures 9D, 10A) dispersed among spermato-
genic cells at various stages of development (Figure
10A–D). The oocytes were typically oval in shape and

Figure 9. A–C, Transmission electron micrographs of ovotestis of smaller Onchidium tigrinum (0.26 ± 0.05 g). A, Junction between
periacinar cell and acinar boundary; B, junction (black arrow) of developing spermatids and acinar boundary consists of secretory
granules and secretory proteins (bold arrow); C, TNTs of acinar boundary. Note the connection between spermatids and TNTs inset;
D, semi-thin section of ovotestis of larger slug showing more than one large oocyte (black arrows), arrow head indicates interacinar
cell. ab—acinar boundary; ct—connective tissue; ec—elongated nucleated cell; gs—secretory granules; ms—muscle fibre; mt—
mitochondria; n—nucleus; pc—periacinar cell; sd—spermatid; TNT—tunnelling nanotube; v—secretory vesicle.
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surrounded by a distinct thin layer of small follicle cells.
The cytoplasm of the oocytes was observed to contain
numerous lipid droplets, mitochondria, ER, membrane
bound vesicles, electron-opaque yolk granules of
various sizes and yolk droplets. The ooplasm appeared
as a mosaic matrix of electron-lucid and electron-
opaque bodies (Figure 11A–B). The nuclei of these cells
were large, with a prominent nucleolus (Figures 9D,
11C). In someTEM sections itwas observed that themito-
chondria were arranged in a single band around the
nuclear membrane (Figures 10D, 11B). Serial ultrathin
sections revealed that the yolk droplets production was
completed through sequential intermediate developing
stages (Figure 11A–B, D).

Follicle cells
The follicle cell layer comprised minute, flattened cells,
each with a small elongated nucleus, and was seen to

surround each oocyte so as to demarcate them from
the rest of the acinar components (Figures 10A–B,
11A). The nuclei of the follicle cells occupied most of
the cellular area (Figure 11A). The cytoplasm of these
cells contained dense granules of various sizes.

A cross section of an ovotestis acinus from each of a
smaller and larger example of O. tigrinum is presented
schematically (Figure 12A–B) to show the comparative
structural characteristics of these two body weight
classes.

Discussion

The present study provides detailed histological infor-
mation on the ovotestis of the estuarine hermaphro-
dite pulmonate mollusc O. tigrinum. The overall
structure of the ovotestis resembles that reported for
other pulmonates (Luchtel et al. 1997; Rakshit et al.

Figure 10. A–B, Semi-thin sections of the ovotestis of larger Onchidium tigrinum (2.38 ± 0.2 g). A, Thin follicular cell layer surrounds
the oocyte; B, follicular cell layer acts as a barrier between oocyte and other acinar component; C–D, transmission electron microscopy
of ovotestis of Onchidium tigrinum; C, weak connections of spermatids with Sertoli cells. An arrow head indicates a secretory vesicle; D,
junction of acinar boundary and follicular cell layer. Note the accumulation (arrow head) of yolk granules. ab—acinar boundary; fc—
follicular cell; fl—follicular cell layer; iv—intermediate vesicle; l—lipid droplet; mtb—mitochondrial band; n—nucleus; pc—periacinar
cell; rER—rough endoplasmic reticulum; S—Sertoli cell; sd—spermatid; v—vesicle; yg—yolk granules.
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2005; Roy et al. 2016). Our work included a structural
comparison of the ovotestes in two body weight
classes of O. tigrinum. Consistent with resource allo-
cation principles (Charnov 1996) it is observed that
O. tigrinum individuals of large body weight, presum-
ably representing the older age class, contain well
developed oocytes in their ovotestis acinus and thus
can be interpreted as having the resources to invest
in oogenesis. As a result, the slugs of larger body
weight might act only as a sperm recipient during
mating. On the other hand, small, presumably
younger, slugs possess acini greatly enriched with sper-
matogenic cells and likely act only as potential sperm
donors during copulation (cf. Ohbayashi-Hodoki et al.
2004; Jordaens et al. 2005; Hermann et al. 2009; Naka-
dera et al. 2015). Nonetheless, we have not specifically
studied the exchange of gametes in mating pairs of
O. tigrinum. The relationship between the numbers of
oocyte per acinus and the habitat of the pulmonate
clades is shown in Table 2. All Stylommatophora are
terrestrial and possess one oocyte per acinus except
Archachatina marginata (Swainson, 1821) which

requires further clarification. Members of the clade
Hygrophila (freshwater), marine Panpulmonata and
estuarine Systellommatophora have more than one
oocyte per acinus.

In the acini of smaller O. tigrinum the spermatogo-
nial cells and Sertoli cells are present in large
numbers (as seen in the ovotestis of other pulmonates;
e.g., Macrochlamys indica, Roy et al. 2016). The sequen-
tial condensation of nuclear materials in the develop-
ing spermatids of O. tigrinum is of a similar pattern to
spermiogenesis described in other pulmonates (Takai-
chi and Dan 1977; Takaichi 1978; Selmi et al. 1988; Pas-
tisson and Lacorre 1996; Hodgson and Healy 1998;
Rakshit et al. 2005; Mansour et al. 2011; Gamil 2013;
Roy et al. 2016). However, the condensation of
nuclear substances along with the nuclear membrane
follows a unique pattern in each species, even
varying among Onchidiidae (Bing et al. 2008; Ping
et al. 2008; Chen et al. 2015).

The most important characteristics of the develop-
ing oocytes present in the acini of larger O. tigrinum
are the formation of large yolk droplets through the

Figure 11. Ovotestis of larger Onchidium tigrinum (2.38 ± 0.2 g). A–B, Ooplasm surrounded by follicular cell layer and showing
various stages of yolk droplet formation; C, oocyte nucleus with prominent nucleopore (arrow); D, magnified view of junction
between acinar boundary and oocyte. ab—acinar boundary; fc—follicular cell; fl—follicular cell layer; iv—intermediate vesicle;
mtb—mitochondrial band; rER—rough endoplasmic reticulum; v—vesicle; yd—yolk droplet.
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accumulation of small yolk granules which conforms to
other molluscs as well as some other invertebrates
(Nørrevang 1968; Griffond and Bolozoni-Sungur 1986;
Medina et al. 1986; Wourms 1987; Eckelbarger and
Blades-Eckelbarger 1989; Eckelbarger and Davis 1996;
Pal and Hodgson 2002; Amor et al. 2004; Bing et al.
2008). The developing oocytes are surrounded by a
prominent, well developed follicle cell layer which
clearly separates them from other acinar structures
and may help in the nourishment and, probably, in
the regulation of hormone signalling to the developing
oocyte (O’Donovan and Abraham 1987; Pal and
Hodgson 2002; Rakshit et al. 2005; Roy et al. 2016).

There is much similarity between spermatogenesis
in mammals and pulmonates. Sertoli cells, interstitial
cells (Leydig cells) and periacinar cells (myoid cells)
are present in both of these widely separated animal

taxa and their functions are likely to be similar. The
existence of TNTs in Sertoli cells and other cells is
now added to these similarities. This study describes
for the first time the detailed structural characteristics
of Sertoli cells, interacinar cells, periacinar cells and
the acinar boundary in the ovotestis of Onchidium tigri-
num. In the mammalian system, it is known that TNTs
create a membranous bridge between cells and
between tissue and cells, and support the supply of
various small cellular components and secretory
materials (Guo and Zheng 2004; Gerdes et al. 2007;
Jiang Hui and YouYi 2013). In O. tigrinum the TNTs
are apparently mainly necessary for the development
of spatially-distantly gametes as they are extensively
present in the ovotestis of smaller slugs where there
is a predominance of spermatogenesis and developing
spermatogenic cells are distributed throughout the
acinar space. In the ovotestis of larger slugs, TNTs are
less abundant due to predominance of oogenesis
that is restricted in the periphery of acini. Earlier, Roy
et al. (2016) studied ovotestis of Macrochlamys indica
and documented the presence of thin membranous
cellular channels communicating between cells of the
acinar boundary and Sertoli cells (cf. Figure 5A,
arrow). We now consider that these thin membranous
channels in M. indica are better interpreted as TNTs.
The TNTs in the ovotestis of O. tigrinum are here recog-
nised for the first time in the ovotestis of molluscs. It is
presumed that the periacinar cells may be functionally
similar to the peritubular myoid cells in the mammalian
seminiferous tubules and promote passage of the
mature sperm into the hermaphroditic duct through
the acinar lumen by their peristaltic waves (Skinner
and Fritz 1985; Maekawa et al. 1996; Roy et al. 2016).

In the acini of O. tigrinum, the peripheral area shows
some prominent connections between the acinar
boundary, developing gametes and Sertoli cells. The
acinar boundary and Sertoli cells maintain an intimate
association with the cells of gametogenetic cells, either
directly or by thin membranous channels (TNTs). These
connections may be responsible for supplying nutri-
tional requirements for the development of gametes
(Johnson et al. 2008). Such connections between
acinar boundary and gametogenic cells may regulate
the hormonal supply in the developing gametes
which, in an earlier study, was shown to depend on
the age of the animals (Roy et al. 2016). The gradual
enhancement of VSI along with the increase in body
weight may be the result of acumulation of vitello-
genin/ferritin in the albumen gland. The gradual
decrease of VSI in the older slugs (1.09–3.57 g) might
be due to the expenditure of the vitellogenin/ferritin
of the albumen gland for oogenesis in the acini. It
may be assumed that low VSI is indicative of functional
spermatogenesis and that higher values of VSI are sug-
gestive of proliferative oogenesis.

Figure 12. Diagrammatic representations of acini in ovotestes
showing an acinus and its associated structures. A, Smaller,
presumably younger Onchidium tigrinum; B, larger, presumably
older Onchidium tigrinum. S—Sertoli cell; sc—spermatocyte; sg
—spermatogonia; sp—sperm; 1—interacinar cell; 2—TNTs of
acinar boundary; 3—aggregation of developing spermato-
genic cells; 4—spermatids; 5—acinar boundary; 6—develop-
ing oocyte; 7—TNTs of Sertoli cell; 8—elongated nucleated
cell in acinar boundary; 9—follicular cell layer; 10—follicular
cell; 11—periacinar cell; 12—more developed oocytes (com-
pared to those of smaller slugs).
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The interacinar spaces of O. tigrinum are occupied
by connective tissue, blood vessels and aggregations
of small oval cells that have previously been considered
as interstitial cells (Rakshit et al. 2005), but may be
termed ‘interacinar cells’ because of their location
between the acini of the ovotestis. These cells are
functionally similar to those of interstitial cells (Leydig
cells) found in the seminiferous tubules of the mamma-
lian testis (Omran 2012). In the ovotestis of young
O. tigrinum the interacinar cells are likely to produce
male specific hormones and help in spermatogenesis.

Gametogenesis in the ovotestis of O. tigrinum is
directly correlated with weight (and size) variation.
Hence, the relationship between types and nature of
gametogenesis and the body weight of O. tigrinum pre-
determines the functional role to be assumed in copu-
lation (Otsuka et al. 1980). The significant development
and distribution pattern of somatic cells, mainly the
interacinar cells, periacinar cells and Sertoli cells, indi-
cate a correlation with the abundance of the spermato-
genic cells in the ovotestis (Parivar 1980; Maekawa et al.
1996; Pastisson and Lacorre 1996).

The overall structural features of the ovotestis of
O. tigrinum are more similar to those of aquatic her-
maphrodite pulmonates (De Jong-Brink et al. 1981;
Bergmann et al. 1984; Pal and Hodgson 2002) than ter-
restrial stylommatophorans (Rakshit et al. 2005; Roy
et al. 2016). The diversity of oocyte production in the
ovotestes of hermaphrodite pulmonate species (Table
2) may have significance in adaptation and maximisa-
tion of reproductive fitness in the respective habitats
of the species (e.g., Bateman 1948; Angeloni and Brad-
bury 1999), but may also be, at least partly, phylogen-
etically determined.

Acknowledgements

The authors express their thanks to the laboratory staff of the
Department of Zoology, City College, Kolkata for their necess-
ary help in light microscope observations and to the staff of
the TEM unit, Department of Anatomy, AIIMS, New Delhi for
their technical support and photographic services. The
authors express their thanks to Dr A. Dey, Zoological Survey
of India, Kolkata, West Bengal for the identification of the
slugs. The authors also express their acknowledgments to
Dr Gary Barker, Associate Editor and an anonymous reviewer
for their constructive suggestions on the manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

Soumen Roy http://orcid.org/0000-0002-3510-0947
Korak Kanti Chaki http://orcid.org/0000-0003-1681-9718
Tapas Chandra Nag http://orcid.org/0000-0002-6962-0844
Kamales Kumar Misra http://orcid.org/0000-0003-4909-
3319

References

Amor, M.J., Ramon, M. & Durfort, M. (2004) Ultrastructural
studies of oogenesis in Bolinus brandaris (Gastropoda:
Muricidae). Scientia Marina 68, 343–353.

Angeloni, L. (2003) Sexual selection in a simultaneous her-
maphrodite with hypodermic insemination: body size, allo-
cation to sexual roles and paternity. Animal Behaviour 66,
417–426.

Angeloni, L. & Bradbury, J. (1999) Body size influences mating
strategies in a simultaneously hermaphroditic sea slug.
Aplysia vaccaria. Ethology Ecology and Evolution 11, 187–
195.

Angeloni, L., Bradbury, J.W. & Charnov, E.L. (2002) Body size
and sex allocation in simultaneously hermaphroditic
animals. Behavioral Ecology 13, 419–426.

Bateman, A.J. (1948) Intra-sexual selection in Drosophila.
Heredity 2, 349–368.

Bergmann, M., Greven, H. & Schindelmeiser, J. (1984) Tight
junctions in the ovotestis of the pond slug Lymnaea stag-
nalis (L.) (Gastropoda, Basommatophora). International
Journal of Invertebrate Reproduction and Development 7,
291–296.

Bing, H.U., Xiao-zhen, Y., Xu-gan, W.U., Wei-ming, T. & Yong-
xu, C. (2008) Development of gonad in different body
weights of Onchidium struma. Zoological Research 29,
145–151.

Charnov, E.L. (1996) Sperm competition and sex allocation in
simultaneous hermaphrodites. Evolutionary Ecology 10,
457–462.

Chen, S.H., Xia, L.P., Dahms, H.U., Peng, X. & Ying, X.P. (2015)
The ultrastructural characteristics of spermatogenesis in
Onchidium struma (Pulmonata: Onchidiidae) and its func-
tional adaptation. Italian Journal of Zoology 82, 1–10.

Cunha, R., Rodrigues, A. & Sousa, H. (1998) The albumen gland
as a maturation diagnostic organ in Oxychilus (Drouetia)
atlanticus (Stylommatophora, Zonitidae). Iberus 16, 75–84.

Davis, D.M. & Sowinski, S. (2008) Membrane nanotubes:
dynamic long-distance connections between animal cells.
Nature Reviews Molecular Cell Biology 9, 431–436.

Table 2. Comparative data of the number of oocytes per acinus in various different pulmonate molluscs living in different habitats.
Clades Species name Habitat Oocytes/acinus References

Stylommatophora Achatina fulica Terrestrial 1 Rakshit et al. (2005)
Stylommatophora Macrochlamys indica Terrestrial 1 Roy et al. (2016)
Stylommatophora Helix aspersa Terrestrial 1 Griffond and Bolozoni-Sungur (1986)
Stylommatophora Archachatina marginata Terrestrial 1 or 2 (rare) Odiete (1982)
Hygrophila Biomphalaria glabrata Freshwater > 2 De Jong-Brink et al. (1976)
Hygrophila Lymnaea stagnalis Freshwater > 2 De Jong-Brink et al. (1981)
Panpulmonata Siphonaria capensis Marine > 2 Pal and Hodgson (2002)
Panpulmonata Siphonaria serrata Marine > 2 Pal and Hodgson (2002)
Systellommatophora Onchidium reevesii (O. struma) Estuarine > 2 Bing et al. (2008)
Systellommatophora Onchidium tigrinum Estuarine > 2 Present study

MOLLUSCAN RESEARCH 13

http://orcid.org/0000-0002-3510-0947
http://orcid.org/0000-0003-1681-9718
http://orcid.org/0000-0002-6962-0844
http://orcid.org/0000-0003-4909-3319
http://orcid.org/0000-0003-4909-3319


Dayrat, B., Conrad, M., Balayan, S., White, T.R., Albrecht, C.,
Golding, R., Gomes, S.R., Harasewych, M.G. & de Frias
Martins, A.M. (2011) Phylogenetic relationships and evol-
ution of pulmonate gastropods (Mollusca): new insights
from increased taxon sampling. Molecular Phylogenetics
and Evolution 59, 425–437.

De Jong-Brink, M., Boer, H.H., Hommes, T.G. & Kodde, A. (1977)
Spermatogenesis and the role of Sertoli cells in the fresh-
water slug Biomphalaria glabrata. Cell and Tissue Research
181, 37–58.

De Jong-Brink, M., De Wit, A., Kraal, G. & Boer, H.H. (1976) A
light and electron microscope study on oogenesis in the
fresh water pulmonate slug Biomphalaria glabrata. Cell
and Tissue Research 171, 195–219.

De Jong-Brink, M., Schot, L.P., Schoenmakers, H.J. & Bergamin
Sassen, M.J.M. (1981) A biochemical and quantitative elec-
tron microscope study on steroidogenesis in ovotestis and
digestive gland of the pulmonate slug Lymnaea stagnalis.
General and Comparative Endocrinology 45, 30–38.

Dykstra, M.J. (1993) A manual of Applied Techniques for
Biological Electron Microscopy. Plenum Press, New York.

Eckelbarger, K.J., & Blades-Eckelbarger, P. (1989) Structure of
the ovotestis and evidence for heterosynthetic incorpor-
ation of yolk precursors in the oocytes of the nudibranch
mollusk, Spurilla neapolitana. Journal of Morphology 201,
105–118.

Eckelbarger, K.J., & Davis, C.V. (1996) Ultrastructure of the
gonad and gametogenesis in the eastern oyster,
Crassostrea virginica. I. Ovary and oogenesis. Marine
Biology 127, 79–87.

Gamil, I.S. (2013) Spermatogenesis and sperm ultrastructure
in the land slug Limax flavus (Gastropoda, Pulmonata)
from Egypt. Advances in Biological Research 7, 253–265.

Gerdes, H.H., Bukoreshtliev, N.V. & Barroso, J.F.V. (2007)
Tunneling nanotubes: a new route for the exchange of
components between animal cells. FEBS Letters 581,
2194–2201.

Gerdes, H.H. & Rustom, A. (2006) Tunneling nanotubes: mem-
branous channels between animal cells. In: Baluska, F.,
Volkmann, D. & Barlow, P.W. (Eds.), Cell-Cell Channels.
Landes Bioscience/Springer Science Business Media,
Georgetown (TX)/New York (NY), pp. 200–207.

Gianguzza, P., Jensen, K.R., Badalamenti, F. & Riggio, S. (2005)
Relationship between egg features and maternal body size
in the simultaneous hermaphrodite Oxynoe olivacea
(Molluska, Opisthobranchia, Sacoglossa). Marine Biology
148, 117–122.

Griffond, B. & Bolozoni-Sungur, D. (1986) Stages of oogenesis
in the slug, Helix aspersa: cytological, cytochemical and
ultrastructural studies. Reproduction, Nutrition and
Development 26, 461–474.

Guo, G.Q. & Zheng, G.C. (2004) Hypotheses for the functions
of intercellular bridges in male germ cell development
and its cellular mechanisms. Journal of Theoretical Biology
229, 139–146.

Hermann, P.M., Genereux, B. & Wildering, W.C. (2009)
Evidence for age-dependent mating strategies in the sim-
ultaneous hermaphrodite snail, Lymnaea stagnalis (L.).
Journal of Experimental Biology 212, 3164–3173.

Hodgson, A.N. & Healy, J.M. (1998) Comparative sperm mor-
phology of the pulmonate limpets Trimusculus costatus,
T. reticulatus (Trimusculidae) and Burnupia stenochorias
and Ancylus fluviatilis (Ancylidae). Journal of Molluscan
Studies 64, 447–460.

Hou, S.T., & Maxwell, W.L. (1990) Desmosome-like junctions
between Sertoli-Sertoli and Sertoli-germ cells in the

ovotestis of Arion hortensis (Mollusca: Pulmonata). Journal
of Morphology 205, 325–333.

Janssen, R. & Baur, B. (2015) Seasonal effects on egg pro-
duction and level of paternity in a natural population of
a simultaneous hermaphrodite slug. Ecology and
Evolution 5, 2916–2928.

Jiang Hui, Z. & You Yi, Z. (2013) Membrane nanotubes: novel
communication between distant cells. Science China Life
Sciences 65, 994–999.

Jordaens, K., Pinceel, J. & Backeljau, T. (2005) Mate choice in
the hermaphroditic land snail Succinea putris
(Stylommatophora: Succineidae). Animal Behaviour 70,
329–337.

Johnson, L., Thompson, J.R.D.L. & Varner, D.D. (2008) Role of
Sertoli cell number and function on regulation of sperma-
togenesis. Animal Reproduction Science 105, 23–51.

Koene, J.M., Montagne-Wajer, K. & Ter Maat, A. (2007) Aspects
of body size and mate choice in the simultaneously her-
maphroditic pond slug Lymnaea stagnalis. Animal Biology
57, 247–259.

Luchtel, D.L. (1972a) Gonadal development and sex determi-
nation in pulmonate mollusks. Arion circumscriptus.
Zeitschrift für Zellforschung 130, 279–301.

Luchtel, D.L. (1972b) Gonadal development and sex determi-
nation in pulmonate mollusks. 1. Arion ater rufus and
Deroceras reticulatum. Zeitschrift für Zellforschung 130,
302–311.

Luchtel, D.L., Martin, A.W., Deyrup-Olsen, I. & Boer, H.H. (1997)
Gastropoda: Pulmonata. In: Harrison, F.W. & Koh, A.J. (Eds.),
Microscopic Anatomy of Invertebrates. Wiley Liss, New York,
Vol. 6B, pp. 459–718.

Maekawa, M., Kamimura, K. & Nagano, T. (1996) Peritubular
myoid cells in the testis: their structure and function.
Archives of Histology and Cytology 59, 1–13.

Mansour, M.F., Habibi, E.S.M.E., Mortada, M.M. & Ramez, A.M.
(2011) The fine structure of the spermatozoa of three
species of land slugs belonging to the genus Monacha
(Müller, 1774) in Egypt. Journal of American Science 7,
113–124.

Medina, A., Garcia, J.C., Moreno, F.G. & Lopez-Campos, J.L.
(1986) Comparative studies on the histology of the ovotes-
tis in Hypselodoris tricolor and Godiva banyulensis
(Gastropoda: Opithobranchia), with special reference to
yolk formation. Journal of Morphology 188, 105–118.

Michiels, N.K., Raven-Yoo-Heufes, A. & Kleine Brockmann, K.
(2003) Sperm trading and sex roles in the hermaphroditic
opisthobranch sea slug Navanax inermis: eager females
or opportunistic males? Biological Journal of the Linnean
Society 78, 105–116.

Nakadera, Y., Swart, E.M., Maas, J.P.A., Montagne-Wajer, K., Ter
Maat, A. & Koene, J.M. (2015) Effects of age, size, and
mating history on sex role decision of a simultaneous her-
maphrodite. Behavioral Ecology 26, 232–241.

Nørrevang, A. (1968) Electron microscopic morphology of
oogenesis. International Review of Cytology 23, 113–186.

Norton, C.G., Johnson, A.F. & Mueller, R.L. (2008) Relative size
influences gender role in the freshwater hermaphroditic
slug, Helisoma trivolvis. Behavioral Ecology 19, 1122–1127.

Odiete, W.O. (1982) Fine structural studies on the ovotestis
of Archachatina marginata (Swainson) (Pulmonata:
Stylommatophora). Malacologia 22, 137–143.

O’Donovan, P. & Abraham, M. (1987) Somatic tissue-male
germ cell barrier in three hermaphrodite invertebrates:
Dugesia biblica (Platyhelminthes), Placobdella costata
(Annelida), and Levantina hierosolyma (Mollusca). Journal
of Morphology 192, 217–227.

14 S. ROY ET AL.



Ohbayashi-Hodoki, K., Ishihama, F. & Shimada, M. (2004) Body
size–dependent gender role in a simultaneous hermaphro-
dite freshwater snail, Physa acuta. Behavioural Ecology 15,
976–981.

Omran, N.E.S.E.S. (2012) Testosterone, gonadotropins and andro-
gen receptor during spermatogenesis ofBiomphalaria alexan-
drina snails (Pulmonata: Basommatophora). Reproductive
Biology 12, 301–308.

Otsuka, C., Rouger, Y. & Tobach, E. (1980) A possible relation-
ship between size and reproductive behavior in a popu-
lation of Aplysia punctata (Cuvier, 1803). Veliger 23, 159–162.

Pal, P. & Hodgson, A.N. (2002) An ultrastructural study of
oogenesis in a planktonic and a direct developing
species of Siphonaria (Gastropoda: Pulmonata). Journal of
Molluscan Studies 68, 337–344.

Parivar, K. (1980) Differentiation of the Sertoli cells and post
reproductive epithelial cells in the hermaphrodite gland
of Arion ater (L.) (Pulmonata). Journal of Molluscan Studies
46, 139–147.

Pastisson, C. & Lacorre, I. (1996) Fine structure of the germinat-
ing cells during the spermiogenesis of Arion rufus (Molluska,
Pulmonate Gastropoda). Molecular Reproduction and
Development 43, 484–494.

Ping, Y.X., Sheng-An, S. & Mei-Ying, C. (2008) Structure of sper-
matozoa of Onchidium struma. Acta Zoologica Sinica 54,
373–382.

Quattrini, D. & Lanza, B. (1964) Osservazioni sulla ovogenesi e
sulla spermatogenesi di Vaginulus borellianus (Colosi)
Mollusca Gastropoda Soleolifera. Bolletino di Zoologia 31,
541–553.

Rakshit, S., Chaki, K.K., Sarkar, A.K. & Misra, K.K. (2005)
Cytomorphology of ovotestis of a pulmonate mollusk,
Achatina fulica. Proceedings of the Zoological Society
Calcutta 58, 93–104.

Rakshit, A.S., Bhattacharya, D.K. & Misra, K.K. (2014) Lipids and
fatty acids in active and aestivated hermaphrodite pulmo-
nate gastropod Achatina fulica. International Journal of
Advanced Biological Research 4, 287–299.

Roy, S., Chaki, K.K., Nag, T.C. & Misra, K.K. (2016) Ultrastructure
of ovotestis of young and adult of a pulmonate mollusk,

Macrochlamys indica Benson, 1832. Journal of Microscopy
and Ultrastructure 4, 184–194.

Rustom, A. (2016) The missing link: does tunnelling
nanotube-based supercellularity provide a new under-
standing of chronic and lifestyle diseases? Open Biology
6, 160057.

Rustom, R., Saffrich, R., Markovic, I., Walther, P. & Gerdes, H.H.
(2004) Nanotubular highways for intercellular organelle
transport. Science 303, 1007–1010.

Sarkar, S., Ghosh, P., Das Mahapatra, TP., Som Mazumdar, S. &
Saha, T. (2013) Environmental assessment in terms of
salinity distribution in the tropical mangrove forest of
Sundarban, North East Coast of Bay of Bengal, India.
Archives of Applied Science Research 5, 109–118.

Selmi, M.G., Giusti, F. & Manganelli, G. (1988) The fine struc-
ture of the mature spermatozoon of Onchidella celtica
(Cuvier) (Mollusca: Gastropoda) and its phylogenetic impli-
cations. Journal of Ultrastructure and Molecular Structure
Research 99, 107–123.

Skinner, M.K. & Fritz, I.B. (1985) Testicular peritubular cells
secrete a protein under androgen control that modulates
Sertoli cell functions. Proceedings of the National Academy
of Sciences, USA 82, 114–118.

Takaichi, S. (1978) Spermiogenesis in the pulmonate snail,
Euhadra hickonis II. Structural changes of the nucleus.
Development, Growth and Differentiation 20, 301–315.

Takaichi, S. & Dan, J.C. (1977) Spermiogenesis in the pulmo-
nate snail Euhadra hickonis. I. Acrosome formation.
Development, Growth and Differentiation 19, 1–14.

Tomiyama, K. (1995) Mate choice in a simultaneously her-
maphroditic land snail, Achatina fulica (Stylommatophora:
Achatinidae). Proceedings of the 12th International
Malacological Congress, Vigo 12, 279–280.

Wourms, J.P. (1987) Oogenesis. In: Giese, A.C., Pearse, J.S. &
Pearse, V.B. (Eds), Reproduction of Marine Invertebrates.
Blackwell Scientific Publications, California, pp. 50–178.

Yusa, Y. (1996) The effects of body size onmating features in a
field population of the hermaphroditic sea hare Aplysia
kurodai Baba, 1937. Journal of Molluscan Studies 62,
381–386.

MOLLUSCAN RESEARCH 15

View publication statsView publication stats

https://www.researchgate.net/publication/323220231

	Abstract
	Introduction
	Materials and methods
	Results
	Smaller slugs (0.26 ± 0.005gbw)
	Spermatogenesis
	Sertoli cells
	Interacinar components and the acinar boundary
	Oogenesis

	Larger slugs (2.38 ± 0.2gbw)
	Spermatogenesis
	Sertoli cells
	Interacinar components and the acinar boundary
	Oogenesis
	Follicle cells


	Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References

